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Abstract A hot stage in an environmental scanning electron microscope (ESEM)
was used for in situ infiltration experiments. Pressureless infiltration of a
porous Ti-activated Al2O3 preform has been investigated at temperatures
up to 1530C under two atmospheres (He and H2O(g)). A brief description
of the operating and the experimental set-up is given. Silver and Inconel
(Ni superalloy) infiltration experiments demonstrate the in situ potential
of the ESEM at temperatures up to 1500C.
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The production of metal matrix composites (MMC) by
pressureless Ti-activated melt infiltration is a technique used
in addition to powder metallurgical and pressure-induced
processes. One of the major problems of infiltration techni-
ques in general is the non-wetting behaviour of liquid metals
on ceramic surfaces. The use of an activator material, like
titanium (Ti), overcomes this difficulty. Addition of Ti
enables non-wetting liquid metals to infiltrate a ceramic
matrix. While it is possible to achieve good quality MMCs by
activated melt infiltration, a scientific understanding of the
mechanism of this process is still lacking [1–5].
Pressureless melt infiltration carried out under high
vacuum or in an inert gas atmosphere allows only for
examination of wetting behaviour after cooling to room
temperature; therefore, no information is obtained about the
process itself. The purpose of the current experiments was to
observe the dynamic processes of surface wetting and sub-
sequent infiltration in situ using a commercially available hot
stage for an environmental scanning electron microscope
(ESEM). The ESEM technique allows the investigation of
non-conductive samples without any coating [6]. This was a
prerequisite for this study.
For the combination of oxide ceramics (e.g. Al2O3) with
high-melting alloys, such as steel and Ni-base alloys, infil-
tration temperatures as high as 1400–1600C are needed
[4,5]. The combination of alumina and Inconel (melting
point of 1350C) with infiltration temperatures of 1450C
is still within the temperature range of the hot stage, but
questions remained concerning the imaging possibilities at
such high temperatures.
In this study, an ESEM-FEG XL-30 (FEI) was used at 20 kV
acceleration voltage and 19mm working distance. Because
of mechanical constraints of the hot stage, the working dis-
tance could not be reduced. A gaseous secondary electron
detector (GSED) was used for image formation with H2O(g)
or He as the imaging gases. In the ESEM, the gas is ionized
by the electron beam. The positive ions are used to suppress
charging of the sample. The negative charges are accelerated
towards the detector electrode. The original secondary
electron signal is amplified by producing an avalanche of
gaseous electrons [7]. A heat shield was inserted between
the detector and the sample to protect the detector from heat
radiation. The energy-dispersive X-ray (EDX) detector was
retracted for the same reason and, thus, no elemental ana-
lysis was possible during in situ experiments at high tem-
peratures. Therefore, all observed phases were characterized
by EDX after cooling.
The hot-stage system (FP6754/PW6753; Fig. 1) included
a furnace with the ability to heat small samples to tempera-
tures >1500C. It was mounted directly on a 3-axis sample
stage. The inner part of the hot stage contained the stage
heater assembly composed of a heating element, thermo-
couple and connectors. The stage heater was a coiled tung-
sten wire sheathed in alumina, integrated in a hollow
alumina cylinder. The thermocouple was located inside the
heater. The crucible with the sample was introduced into the
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central hole (Ø 8mm) of the heater so that the thermo-
couple was situated between the heater and the crucible
exterior. The hot stage was loaded with the prepared crucible
containing the porous Al2O3 preform.
An alumina crucible instead of graphite was used to avoid
contamination of the sample by carbon. Carbon reacts with
Ti to form TiC, which alters the effectiveness of the activator.
The crucible had an alumina wash applied to improve the
contact between the crucible and the sample heater, result-
ing in higher thermal conductivity. The preform was made
by compacting Al2O3 particles, activator and organic binder
(Table 1). A piece of the infiltrate metal (Fig. 1), previously
separated from its oxide layer and cleaned with acetone in
an ultrasonic bath, was placed on top of the preform.
The ESEM operating conditions are shown in Table 2. The
chamber pressure was set at 2 Torr (H2O(g)) or 4 Torr (He)
and the chamber was automatically evacuated and flooded
with the imaging gas several times to obtain a pure atmo-
sphere. Initial imaging parameters were obtained by taking
images at low resolution with the heat shield removed. A
sample section, where both metal and ceramic surface were
visible, was focused and the image optimized at a high
magnification at room temperature.
At temperatures >400C the image contrast faded due to
thermal effects. The contrast was enhanced by adjusting
simultaneously the sample bias (from negative (enhance
electron emission) to positive (suppress emission of thermal
electrons) ), shield bias, contrast and brightness. Drifting,
probably due to thermal expansion, was observed, but
usually stopped when the temperature was kept constant for
a few minutes. Imaging at higher temperatures, especially in
the range of 850–1000C, required continuous adjustment of
the imaging parameters. The image contrast decreased con-
tinuously with temperature. Manual and stepwise increase
of the temperature instead of automatic ramping was the
best procedure to obtain a stable image. At higher tem-
peratures, an increase in spot size and gas pressure helped to
improve the image quality. Once a temperature of 1200C
was reached, the contrast of the image was quite low, but
stable.
For experiments with silver (melting point: 962C),
helium was used as the imaging gas. Liquid silver has a
wetting angle on alumina that depends strongly on the
oxygen fugacity (fO2). At a temperature of 982
C and for low
fO2 in the order of 10
12, liquid silver is non-wetting with a
contact angle of 128. With increasing oxygen fugacity the
wetting angle decreases to reach a value of slightly <90 [8].
Despite the high wetting angle, silver infiltrates porous Al2O3
preforms in the presence of an activator, such as Ti [9].
Wetting behaviour of silver on Al2O3 powder bed containing
Ti particles observed in the ESEM. At temperatures between
20 and 800C, the surface of the silver did not show any
change (Fig. 2). The thermocouple reading at the first signs
of melting (Fig. 3) was 1060C, i.e. 100C above the melting
Fig. 2 Secondary electron image of the preform surface (Al2O3) at
980C. The silver (Ag) wire still has its original form. The highlighted
area (white box) is shown in detail in Figs 3–5.
Fig. 1 Experimental set-up. Inner part of hot stage with sample
(preform diameter 4mm).
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Table 1. Materials used
Al2O3
(fused alumina)
99.8% purity,
d50 90–125mm
Particles
(Treibacher Schleifmittel,
Laufenburg, Germany)
....................................................................................................................................................
Titanium 99.23% purity Powdered
form
....................................................................................................................................................
Silver 99.9% purity Pieces (Alfa Aesar,
Johnson Matthey,
Karlsruhe, Germany)
....................................................................................................................................................
Inconel 625 Ni>58Cr20–23Mo8–10
Fe5Nb3.15–4.25Ti<0.4
Pieces
(Bibus Metals,
Wallisellen, Switzerland)
....................................................................................................................................................
Table 2. The ESEM operating conditions
Silver Inconel 625
Detector GSED with 500mm pressure-limiting
aperture
....................................................................................................................................................
Atmosphere gas He H2O(g)....................................................................................................................................................
Gas pressure 4 Torr 2 Torr
....................................................................................................................................................
Max. infiltration
temperature
1300C 1530C
....................................................................................................................................................
Ramping 10–40C min1 to theoretical melting point,
afterwards manual ramping at <10C min1
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temperature of silver. This discrepancy can be explained by
the position of the thermocouple that is closer to the heating
coils than to the sample surface as well as by diffusive losses
and bad thermal contact of the metal with the ceramic
matrix. Thus, the temperature at the thermocouple was
higher than the temperature of the sample. The following
temperatures are those as measured by the thermocouple.
Small mottles formed on the silver surface and grew with
increasing temperature into small ridges and troughs (Figs 3
and 4).
In other experiments, better contact between the silver
and the underlying preform was achieved. However, a
temperature gradient of 40C remained due to the
experimental set-up. At the onset of melting the liquid metal
retreated, leaving small finger-like protrusions behind
(Fig. 4). With increasing temperature and time, most of the
fingers disappeared (Fig. 5).
The stable protrusions (Fig. 6) were attached to Ti particles
or otherwise fixed due to surface roughness and edges on
the alumina surface. The melt bridges between the main
melt body and the pinning particles can be up to 50 mm long.
At temperatures above 1100C, a sudden contraction of the
silver melt to a multitude of spheres was observed. Only the
Ti particles remained partially wetted by the melt (Fig. 7).
The sudden change in surface tension might be due to
the low oxygen fugacity of the imaging gas (He). The silver
surface, despite the initial cleaning, is probably still slightly
oxidized. At the beginning of melting this oxygen dissolved
in the liquid silver could lower the wetting angle. Degassing
of oxygen will dramatically increase the wetting angle.
Fig. 3 Secondary electron image of the sample at 1054C. The Ag
shows first signs of melting, small mottles and troughs evolve from
the surface. The big black arrow marks the alumina grain used to
determine the relative movement of the melt front (see Fig. 5).
Fig. 4 Secondary electron image at 1238C. The Ag front shows
more irregular features. The peaks on the Ag surface have grown
into ridges.
Fig. 5 Secondary electron image of the sample surface at 1301C.
The white line indicates the location of the Ag front at 1054C
(Fig. 3). It can be seen that the front is moving (indicated by the
white arrow) with increasing temperature, it is not spreading but
shrinking until suddenly complete dewetting occurs and Ag spheres
form. The movement of the front was determined relative to the
alumina grain indicated above by the black arrow (see Fig. 3).
Fig. 6 Secondary electron image at 1061C. The Ag melt stays in
contact with Ti particles on the Al2O3 preform surface.
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Similar morphology changes due to bubble formation and
subsequent degassing were also observed by Millar et al. in
silver catalysts under different oxygen-containing atmo-
spheres at temperatures of >530C [10].
The inability to infiltrate the Al2O3 powder bed with silver
within the ESEM is probably due to the non-wetting liquid
and the elevated pressure within the ESEM sample chamber.
Tests in a conventional high-vacuum furnace (Super VII,
Centorr Vacum Industries) have shown that silver infiltrated
well under high vacuum conditions (3  104 Torr), but
not at pressures of 4  102 Torr.
Infiltration experiments with Inconel. For these experi-
ments, H2O(g) was used as the imaging gas since Inconel
could not be infiltrated successfully in a He atmosphere in
a conventional furnace. Inconel with a melting point of
1350C was first melted on the same type of Al2O3 preform
as previously in the silver experiments. The temperature
was raised at 10C min1. At 1530C, Inconel was still not
completely melted. In Figure 8 the metal shows the typical
creeping of its margins as it approaches its melting point.
Inconel was then heated directly in a MgO crucible (without
preform) to see if improved heat conduction of the substrate
could lead to melting of the Inconel. Despite the temperature
being 150C above the melting point of Inconel, a com-
plete melting of the metal piece was not achieved due to the
large temperature gradient between the thermocouple and
the sample surface.
It was possible to observe in situ melting and melt migra-
tion of silver due to wetting on a Ti-activated Al2O3 preform.
Temperatures as high as 1530C were reached with the
commercial hot stage and good secondary electron images
up to these temperatures were obtained using different
imaging gases (H2O(g), He) and gas pressures. The hot stage
combined with the possibility to use different gas atmo-
spheres makes the ESEM a very powerful tool for in situ high
temperature investigations of wetting processes.
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Fig. 8 Secondary electron image of Inconel at 1530C on the
preform. No complete melting was observed.
Fig. 7 Backscattered electron image of Ag after cooling to ambient
temperature. Only partial wetting of Ti particles was achieved and
no wetting by silver occurred on the Al2O3 particles of the preform.
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